The authors propose and analyze the optical signal processing functionality of periodic structures consisting of alternating layers of materials possessing different Kerr nonlinearities. They explore structure-materials-performance relationships in all-optical analog-to-digital converters, hardlimiters, and AND and OR gates. They show that their proposed analog-to-digital converters can extract a binary word from multilevel optical signals in a single bit interval. They also propose a family of optical limiters whose output signal clamps to a set upper logic level for any input value exceeding a chosen threshold. They explore the performance of an all-optical logic gate whose forward-directed output implements a binary AND and whose backward-directed output implements an OR function.
I. INTRODUCTION
T HE EMERGENCE of increasingly high-speed, parallel, and complex digital optical systems demands an all-optical analog-to-digital converter. At the same time, optical hardlimiters are needed in synchronous and asynchronous optical code-division multiple-access (CDMA) systems [1] , [2] . Limiters also form a prospective basis for all-optical logic.
Present-day electronic signal processing speeds have fallen far behind the capabilities of both optical time-division and wavelength division multiplexed (WDM) systems. Electrical-to-optical and optical-to-electrical conversions limit the speed and sophistication of photonic networks [3] . On the other hand, performing signal processing operations entirely within the optical domain would exploit the speed and parallelism inherent to optics.
We propose and explore herein a set of principles and device architectures which could enable the realization of an array of optical signal processing functions. The devices rely upon the mechanism of nonlinear reflection rather than absorption of light and are, as such, less susceptible to damage than absorption-based devices [4] , [5] . Composed of formable multilayer structures, the devices are relatively easy to fabricate into a desired shape or to attach to any kind or form of surface.
For illustrative purposes, we restrict our analysis in the present work to the case of a one-dimensional (1-D) periodic nonlinear model system. A vast array of further device opportunities arises in the context of periodic three-dimensional (3-D) media. Such structures have already been realized through techniques of mesoscopic self-organization both in inorganic [6] and organic [7] materials. Either system lends itself to the selective inclusion of materials with fast Kerr-type nonlinearities of opposite signs. Devices which are either angularly and spectrally broadband or narrowband can be realized in these regular media. Signal-processing elements rooted not simply in 1-D nonlinear distributed reflection, but implementing nonlinear diffraction of signals-mediated by the set of available reciprocal photonic lattice vectors-can be envisioned.
Self-organization of bulk samples is extensible to the domain of two-dimensional (2-D) confined systems-i.e., ordering of monodisperse mesoparticles inside the cylindrical core of an optical fiber. This would enable a class of connectorized, low-loss, functional photonic devices.
II. THEORETICAL MODEL
The structures analyzed are shown in Fig. 1 . They consist of alternating layers of materials, each one possessing a Kerr nonlinearity. The index of refraction of such a material can be expressed as [8] , [9] (1) where linear index; Kerr coefficient; local intensity of light in the medium. Depending on the material and optical wavelength, the index of refraction may either increase or decrease with intensity [10] , [11] , as embodied in the sign of . In general, a nonlinear distributed feedback structure may display multistability [12] - [18] . In a multistable device there are at least two possible outputs for a range of choices of incident 0733-8724/01$10.00 © 2001 IEEE intensity. Moreover, the spectral position of the transmittance minimum shifts as the incident intensity is varied. Multistable structures do not exhibit saturation of the transmitted intensity to a limiting value and may manifest chaotic behavior [14] . Such a response is undesirable in analog-to-digital converters and hardlimiters. We derive the conditions that ensure the stability of nonlinear distributed feedback structures.
In analogy with the case of linear periodic structures [19] , the Bragg condition for a medium with intensity-dependent refractive indexes is itself a function of intensity (2) where and linear parts of the refractive indexes of the two materials; and Kerr coefficients; and corresponding layer thicknesses. The spectral position of the center of the stopband of a periodic grating is given by (2) .
With a view to achieving stable, narrowband device operation, we require that the center of the stopband stay fixed in the intensity-dependent medium, so that (6) Expressions (5) and (6) specify the thicknesses of the layers which, for a given pair of nonlinear materials, ensure the stability of the system, fixing the transmittance minimum at regardless of incident intensity. Equations (2), (5), and (6) are heuristic: in reality, the intensity will vary from layer to layer, but only slowly between adjacent layers in low-index-contrast structures, in which case the approximation is a good one. Results obtained through exact methods and reported later in this work confirm that fulfillment of these conditions results in a stable response.
In order to model the response of the proposed structures, we adapt the coupled mode equations [19] to the case of a nonlinear medium. We write the electromagnetic field as a sum of forward and backward propagating waves (7) where and are the forward-and backward-propagating wave envelopes and is the propagation constant.
We analyze the case of noncoherent radiation wherein intensity, proportional to the squared modulus of the electric field, is approximated as [8] . We then expand the periodic linear and nonlinear parts of the index of refraction in Fourier series [18] (8) (9) where and are average linear and nonlinear refractive indexes, is the period of the grating, and (10) is the Fourier expansion of the step function with
Since we analyze device response near the structural resonance [i.e., conditions (5) and (6) satisfied], only the first-order terms take part in the contradirectional coupling. The higher order Fourier coefficients do not result in phase matching. We have verified through full numerical solution of the exact equation set that the inclusion of these higher order terms results in no noticeable changes to the transfer curves. By restricting our attention to the pertinent Fourier component, we thus obtain coupled mode equations for a nonlinear periodic structure with negligible absorption (11) (12) where is the frequency of the radiation and is the speed of light in vacuum.
We specify two boundary conditions: (no radiation incident on the structure from the right) and (known intensity incident on the structure from the left).
III. RESULTS AND DISCUSSION
Aided by coupled equations (11) and (12), we proceed to explore potential uses of the proposed structures as all-optical functional components in photonic networks. We propose hardlimiters, analog-to-digital converters, and OR and AND gates based on our generic structure.
We show in Fig. 2 the transmitted intensity of the periodic nonlinear medium as a function of incident intensity for various numbers of layers. Here and in the rest of the paper we consider light of wavelength at the center of the linear stopband chosen according to conditions (5) and (6) . The structures analyzed are made up of materials with the linear indexes of refraction of 1.5 and 1.52 and Kerr coefficients of 0.01 and 0.01. Throughout this work we consider intensity in units reciprocal to those of . We observe in Fig. 2 three regimes of operation: at low intensities, the incident signal is resonantly reflected; for intermediate incident intensity, the system goes through a region of constant differential transmittance; for high incident intensity, the transmittance redescends to zero.
We illustrate in Fig. 3 the mechanisms responsible for this behavior. We plot the evolution of intensity and the intensity-dependent refractive index for various values of across the 500-period structure with the same material parameters as in Fig. 2 
. Low incident intensity (
) is blocked by the strong linear grating and decays to a negligible value in the first part of the structure. As the intensity is increased beyond the nonlinearity modifies substantially the profile of refractive index variation across the structure ( ). Since the layers with higher linear index have a negative Kerr coefficient, and those with lower have a positive , increasing intensity initially decreases the difference between the total indexes of refraction, reducing the net amplitude of the grating. The transmitted intensity is no longer zero. When the incident intensity reaches , the grating disappears and the structure is completely transmitting. As the incident intensity is increased further ( ) the grating (phase-shifted relative to the initial linear grating) forms again, resulting in the limiting behavior manifest in Fig. 2 . The transmitted intensity is clamped at ( . In order to achieve such sharp characteristics, the structures analyzed need to be at least 500 periods long.
We show in Fig. 4 the response of structures with strong built-in linear stopband (large number of layers or high linear index contrast) for different materials (different and ). We define a new parameter As the strength of the linear grating weakens (short structures or low linear index contrast) the transmission characteristics deviate near and from the values defined by 14. In a hardlimiter the output should be one for input greater then or equal to one, and should otherwise be zero [1] , [2] . We illustrate in Fig. 5 the realization using the proposed structures of an all-optical hardlimiter with arbitrarily steep transition stages. limiters with are positioned in series, with optical isolators between each pair. These isolators allow light to propagate in the forward direction and absorb reflected light. The first nonlinear grating blocks show incident radiation with intensity smaller than . However, the transmitted intensity still ranges from 0 to . This light is then fed into the second unit, and again light with intensity lower than is blocked. Light with intensity lower than seen by the second unit corresponds to light incident on the composite device with intensity larger than and lower than . Generalizing for , we obtain the following transmission characteristic: for for for (15) Thus, given a sufficiently large number of units, the proposed device will behave as an arbitrarily abrupt all-optical hardlimiter. All of the intensities smaller than will be reflected and all grater or equal to will be transmitted. The transmitted intensities will clamp to . Since the value of is determined by linear and nonlinear indexes, the choice of material biases the device at the desired value.
We illustrate in Fig. 6 a four-bit analog-to-digital converter constructed using the limiters described above. Our approach is scalable to higher resolutions. The th additional bit requires limiters. The total number of limiters for an -level A-D converter is . Delay lines can be placed along the output lines to ensure that all signals arrive at the receiver simultaneously. The separation of the incident and reflected signals can be performed with nonreciprocal directional couplers [20] , [21] .
The analog-to-digital converter illustrated in Fig. 6 is constructed using limiters biased at values 8, 4, and 2. As an example we illustrate A/D conversion of analog input 5. 5 is fully reflected by the fist set of limiters (fourth level) giving an output of 0. In the third level, 4 is transmitted and 1 reflected. The 4 output is normalized to yield the second digital output, 1. The reflected 1 is fed into the second level and is completely reflected. The 0 at the output of the second level provides the third digit. Signal 1 reflected from the second level yields the lowest order digit. Placing delay lines behind second, third, and fourth levels ensures that the four digital signals arrive simultaneously at the corresponding receivers. An analog input of 5 is converted to a (0101) digital word in a single byte interval. Our approach provides a basis for all-optical, ultrafast decoding of multiamplitude intensity signals [22] .
We illustrate in Fig. 7 the use of the proposed limiter in the construction of OR and AND gates. Inputs A and B are first combined into a single beam. The transmitted intensity is defined as the O1 output and the reflected value as the O2. We bias the hardlimiter at 1. If one of the inputs is 0 and the other 1, the output at O1 is 1 and at O2 is 0. If both A and B inputs have the value of 1, a 1 is transmitted and 1 reflected. Thus, O1 yields the result of an OR operation and O2 the result of a digital AND.
Implementation of the devices considered herein will rely on the use of materials with large Kerr nonlinearities in order to obtain a low-intensity threshold for limiting action. Recently, highly nonlinear materials with low absorption coefficients have been reported with ranging from 1 10 cm /W to as high as 1 10 cm /W with response times of picoseconds or better [10] - [12] , [23] - [25] . A 1-mm-long limiter operating on 0.532 m light would, using these materials, achieve switching and limiting intensities of 1 10 W/cm to as low as 1 10 W/cm . These intensities are many orders of magnitude lower than reported for reverse saturable absorption-based limiters of the same length and operating at the same wavelength. These typically require incident intensity of the order of 0.1 GW/cm and do not exhibit full clamping of the transmitted intensity . The necessity of using a large number of periods in order to achieve low switching intensities raises the possibility of linear absorption: in fact, a 1-mm-long sample fabricated using the materials discussed above would result in lowering the maximum (linearly) transmitted intensity to 90%. The qualitative behavior of the proposed devices is preserved in the presence of such realistic absorption, as illustrated in Fig. 8 , in which we take the absorption coefficient to be 6 cm .
In addition to presenting potential uses of the proposed structures in signal processing, we analyze their sensitivity to realistic imperfections incurred during fabrication. We simulate the response of structures with built-in random fluctuations in the layer thicknesses. Keeping all other parameters fixed, we allow the thicknesses to be distributed uniformly over a predefined range. In Fig. 8 we show the transmitted intensity as a function of incident intensity for the structure with the same average parameters as in Fig. 7 . Layer thicknesses were allowed to vary 5 and 10% from their quarter-wave value. For 5% deviation there is no detectable difference in the responses of the imperfect device and the ideal device. Even in devices with larger degrees of imperfection (10% fluctuations) the transmitted intensity saturates to some limiting value. Thus, though the quantitative performance of the device is affected by fabrication errors, pertinent qualitative features of device behavior are preserved.
IV. CONCLUSION
The structures which we have proposed herein are suitable for realization of all-optical devices with applications in photonic networks. We describe using simplified analytical expressions the relationships between device behavior and underlying material and structural characteristics. Aided by the analytical expressions derived and numerical simulations employed, we quantify the performance of our structures as all-optical hardlimiters. We have demonstrated that the proposed devices would maintain key qualitative behavior even with substantial fabrication errors. We present the use of these hardlimiters in realization of A/D converters and logic gates.
